[1] As one of two well-exposed intraoceanic arcs, the Talkeetna arc of Alaska affords an opportunity to understand processes deep within arcs. This study reports new Lu-Hf and Sm-Nd garnet ages, 40 Ar/ 39 Ar hornblende, mica and whole-rock ages, and U-Th/He zircon and apatite ages from the Chugach Mountains, Talkeetna Mountains, and Alaska Peninsula, which, in conjunction with existing geochronology, constrain the thermal history of the arc. The oldest U-Th/He zircon ages are ∼137 to 129 Ma, indicating no Cenozoic regional heating above ∼180°C. Although the signal is likely complicated by Cretaceous and Oligocene postarc magmatism, the aggregate thermochronology record indicates that the thermal history of the Talkeetna arc was spatially variable. Onedimensional finite difference thermal models show that this kind of spatial variability is inherent to intraoceanic arcs with simple construction histories. Citation: Hacker,
Introduction
[2] There is considerable interest in understanding the processes active in intraoceanic arcs because of the likelihood that such juvenile arcs are the principal sites at which continental crust undergoes initial separation from Earth's mantle. Studies of modern arcs provide insight into how volcanism and deformation evolve temporally and spatially over the lifespan of an arc, but are limited in their ability to decode processes active at depth. Studies of exhumed arc sections provide a complementary view of processes at depth, but many exhumed arcs are too disrupted to preserve a complete crustal section. The Talkeetna arc is one of two intraoceanic arcs on Earth where the entire section from the upper mantle tectonite at the base of the arc through the sediments capping the volcanic carapace is well exposed [Burns, 1985; DeBari and Coleman, 1989] ; the second is the Kohistan arc [Jan and Howie, 1981] . As such, it provides an important focus site where arc processes can be studied at a range of paleodepths. U-Pb zircon chronology shows that the main axis of the Talkeetna arc in the Chugach Mountains was active from 202 Ma to 181 Ma , and was accreted to North America by the Late Jurassic or Early Cretaceous [Burns, 1985; Plafker et al., 1989] . This study characterizes and interprets the thermal history of the Talkeetna arc to understand the thermal history of an active intraoceanic magmatic arc at depth. This objective is accomplished by summarizing the available radiochronology and fossil ages and reporting new 40 Ar/ Figure 1 . Geochronology of the Talkeetna and Chugach mountains. All uncertainties are 2s except for those from Csejtey et al. [1978] , which are unknown; uncertainties include uncertainty in standard ages and decay constants. Questionable ages are shown in italics. Ages are from this study except for the following: B4, Barnett et al. [1994] ; DL, Drake and Layer [2001] ; C, Csejtey et al. [1978] ; LN, Little and Naeser [1989] ; O9, Onstott et al. [1989] ; P3, Pavlis [1983] ; P9, Plafker et al. [1989] ; SO, Sisson and Onstott [1986] ; W1, Winkler et al. [1981] ; W2, Winkler [1992] . Thick lines are faults, and thin lines are depositional and intrusive contacts. Inset map base from Google maps (Google Earth imagery © 2010 Google Inc. Used with permission).
in the east to the Alaska Peninsula and Kodiak archipelago in the southwest (Figures 1 and 2 ). Exposures in the Chugach and Talkeetna mountains ( Figure 1 ) include all the types of rocks that comprise a magmatic arc, volcaniclastic rocks (the Talkeetna Formation), hypabyssal and plutonic rocks, and mantle peridotite [Burns, 1985; DeBari and Coleman, 1989; Plafker et al., 1989; Kelemen et al., 2003b; Mehl et al., 2003; Clift et al., 2005; Greene et al., 2006; Rioux et al., 2010] . Using the thickness of the coeval volcanic section [Clift et al., 2005] and thermobarometry on igneous and metamorphic rocks at various levels within the arc, Hacker et al. [2008] reconstructed the pseudostratigraphy of the arc as: 5 km of volcanic rocks, 4-14 km of felsic plutons, 9-16 km of mafic plutons, and 4-10 km of basal garnet gabbronorite.
[4] The Talkeetna arc intrudes the Wrangellia terrane to the north , and is bounded to the south by the Border Ranges fault system, which is interpreted as a heavily modified subduction thrust [Roeske et al., 2003; Pavlis and Roeske, 2007] . Beneath the Border Ranges fault system lie Late Triassic blueschist, Cretaceous mélange and turbidites of the Chugach terrane [Plafker et al., 1994] . A klippe of arc plutonic rocks south of the Border Ranges fault zone in the Klanelneechena area [Winkler et al., 1981] has been correlated with the Talkeetna arc. The Talkeetna arc is overlain by a sequence of Jurassic to Oligocene sedimentary and volcanic rocks and intruded by a variety of Late Cretaceous to Oligocene rocks reflecting Jurassic through Recent plate convergence [Plafker et al., 1994; Trop and Ridgeway, 2007] . [5] This study builds on an existing geochronology data set that is examined in detail later in the paper. The first, quite extensive, studies of the Talkeetna and Chugach mountains, by Csejtey et al. [1978] and Winkler et al. [1981] reported dozens of hornblende and mica K/Ar ages, revealing that the Talkeetna arc cooled in the Jurassic and that there was significant Tertiary magmatism in the Talkeetna Mountains. Later K/Ar and 40 Ar/ 39 Ar dating by Pavlis [1983] , Plafker et al. [1989] , Onstott et al. [1989] , Winkler [1992] , and Barnett et al. [1994] reinforced this data set and revealed an additional significant Late Cretaceous pulse of magmatism in the western Chugach Mountains. Little and Naeser [1989] used fission track dating of apatite and zircon to show that some portions of the Talkeetna arc might have cooled to <350°C during the Jurassic, and that widespread felsic stocks in the Chugach Mountains were Oligocene. The most recent 40 Ar/ 39 Ar study, by Drake and Layer [2001] , reported eleven Jurassic to Cretaceous cooling ages from the northern Talkeetna Mountains. The intrusive history of the Talkeetna arc has been illuminated in some detail by the chemical abrasion U-Pb TIMS work of Rioux et al. [2007 Rioux et al. [ , 2010 . To these data sets, we add Sm-Nd and Lu-Hf dating of garnets from the base of the arc, 40 Ar/ 39 Ar hornblende and mica ages from all levels of the arc plutonic section, and U-Th/He ages of the arc plutonic section (Table 1 and auxiliary material). 
Analytical Techniques
[6] Sm-Nd and Lu-Hf dating was completed on two samples (Table 2 and Figure 3 ) at the University of Arizona using an Isoprobe MC-ICP-MS. For analytical details, see Patchett et al. [2004] . We used the 176 Lu decay constant of 1.867 ± 0.008 E-11/yr from Söderlund et al. [2004] ; and the 147 Sm decay constant of 6.54 ± 0.05 E-12/yr from Lugmair and Marti [1978] .
[7] Argon isotopic ratios from hornblende, muscovite, biotite, and whole rocks were measured using MAP 216 mass spectrometers at Stanford University, UCSB, and the University of Alaska; for analytical details, see Hacker and Wang [1995] , Calvert et al. [1999] , and Newberry et al.
[1998], respectively. Ages are based on an age of 28.619 ± 0.068 Ma (total uncertainty, including uncertainty in decay constant) for the Taylor Creek sanidine irradiation fluence monitor [Renne et al., 2010] and an age of 527.6 ± 0.4 Ma for MMhb-1 (P. Renne, personal communication, 2010) . We Figure 2 . Geochronology of the Talkeetna arc along the Alaska Peninsula. U-Pb zircon ages are from Rioux et al. [2010] ; other data are from this study. See Figure 1 for explanation of symbols and colors. Yellow boxes show differences in zircon U-Pb and hornblende ages. used the 40 K decay constant of 5.5492 ± 0.0186 E-10/yr from Renne et al. [2010] . All previously reported K-Ar and 40 Ar/ 39 Ar ages from the study area were updated to reflect these new constants.
[8] U-Th/He ages of zircon and apatite were measured at Yale University on single-grain aliquots using standard procedures involving laser heating and cryogenically processed He analysis on a gas source mass spectrometer, followed by HR-ICP-MS measurement of parent nuclides, as described in the work by Reiners et al. [2004] and Reiners [2005] .
[9] The reported and discussed data included geochronologic analyses using several different decay schemes and collected at several different laboratories; this approach is necessary to understand both the thermal and temporal history of the arc crust. When comparing the data, however, it is important to account for interlaboratory biases and intertechnique biases. Important systematic uncertainties in the U-Pb zircon data include uncertainties in the U-Pb tracer calibration and U-Pb decay constants. Rioux et al. [2007] reported tracer uncertainties for the U-Pb analyses of 0.1-0.2% (2s) based on interlaboratory comparisons of the Temora and R33 zircon standards as part of the EARTHTIME initiative. Counting statistics during the measurement of the U half-lives lead to minimum 2s decay constant uncertainties for 238 U of ±0.107% [Jaffey et al., 1971; Mattinson, 1987] Lugmair and Marti [1978] represents an average of four direct counting experiments, and is consistent with the U decay constants of Jaffey et al. [1971] . Note that the age offsets discussed in this manuscript are generally large compared to potential interlaboratory biases and decay constant uncertainties.
[10] Age uncertainties reported in this paper are 2s or 95% confidence interval total uncertainties (i.e., including Hf is 0.01% or in-run uncertainty, whichever is greater. internal errors, such as counting statistics, and external errors, such as uncertainties in decay constants).
Closure Temperatures
[11] U-Pb zircon ages reported in this paper are presumed to be crystallization ages, as discussed by Rioux et al. [2007 Rioux et al. [ , 2010 . The 40 Ar/ 39 Ar ages are presumed to be cooling ages because all of the dates reported in this paper are from plutonic rocks with high crystallization temperatures; two exceptions to this are the (sub)volcanic rocks 1709C06c and 89CNT08, for which the hornblende ages likely approximate the crystallization age. The hornblende, muscovite, and biotite samples cooled at rates of ∼10 K/Myr (see below) and have grain sizes of 100-500 microns, implying closure temperatures of ∼510°C-575°C, 425°C-475°C, and 300°C-350°C, respectively, based on the work by Harrison [1981] , Harrison et al. [2009] , Kirschner et al. [1996] , Grove and Harrison [1996] and Dunlap [2000] . The Sm-Nd and LuHf ages reported are also cooling ages because these systems probably closed at temperatures of 700°C-750°C [Ganguly and Tirone, 1999; Scherer et al., 2000; Van Orman et al., 2002; Kylander-Clark et al., 2007 , below the peak temperatures of 800°C-1000°C [Hacker et al., 2008] . We assume closure temperatures of 340°C for fission tracks in zircon, 180°C for He in zircon [Reiners and Brandon, 2006] , and 62°C for He in apatite [Flowers et al., 2009] . Note that 40 Ar/ 39 Ar biotite and zircon U-Th/He ages from nearby samples within the arc are not equivalent (see below), implying inaccuracies in these assumed closure temperatures.
[12] We used ages and closure temperatures to reconstruct cooling histories for the Talkeetna arc, but this effort was hampered by two main issues: (1) only a subset of samples contained both zircon and hornblende, inhibiting the reconstruction of the high-temperature histories of individual samples, and (2) K-feldspars in the Chugach Mountains show pervasive hydrothermal alteration, prohibiting meaningful 40 Ar/ 39 Ar analysis.
Sm-Nd and Lu-Hf Ages
[13] Two garnet gabbronorite samples, 0712P08 from the Klanelneechena Klippe and 0714P03 from Bernard Mountain, gave well-constrained isochrons using data collected at the University of Arizona. The Klanelneechena Klippe sample yielded a Sm-Nd age of 180.0 ± 7.6 Ma (2s; MSWD = 0.1) and a Lu-Hf age of 184.8 ± 2.9 Ma (MSWD = 0.9); the Bernard Mountain sample gave indistinguishable ages of 183.6 ± 7.4 Ma (MSWD = 0.05) and 185.6 ± 4.3 Ma (twopoint isochron). The garnets in the Klanelneechena Klippe are magmatic and record PT conditions of ∼800°C and 0.7 GPa, whereas the Bernard Mountain garnets are metamorphic and record ∼930°C and 1 GPa [Hacker et al., 2008] Ar/ 39 Ar dating focused on hornblende to reconstruct the high-temperature cooling history of the arc, but muscovite, biotite and whole-rock samples were also measured (Table 3 and Figure 4 ). To assess the age of each sample, we considered only the steps with K/Ca ratios appropriate for the sample; for a few samples this meant that some low-temperature steps were discarded. Unfortunately, the rather low K 2 O contents of the hornblendes and the one whole-rock sample produced age spectra of less-thanoptimal precision. A minority of the samples (0720G01a, 0720G02, 0731L02, 1709C06c, 1717P01, 1723M01, 1723M08, 1723M09 bio, 2712M06, 2713M03, 2727M01, 2727M02, 2731M07, 90JK93, 90JK93, 90KC51, 90KC51, 90KC51, 90WG25, 90WG26 hornblende, and 90WG49B hornblende) yielded release spectra with plateaus and inverse isochron 40 Ar/
36
Ar intercepts equivalent to the atmosphere (295.5); for these samples we accept the plateau age as the best age for the sample. Four samples (0713B07, 0713B09, 0714P07b, and 89CNT08) gave isochrons with 40 Ar/ 36 Ar intercepts equivalent to atmosphere, but for so few steps that we prefer the isochron ages with their higher uncertainties to the more precise weighted mean age derived from the step ages. A modest subset of the samples (0711P08, 0713B01, 0713B06, 1709L03, 1712P02, 2722M01, and 2728M04) gave isochrons with 40 Ar/ 36 Ar ratios). For these samples the isochrons are poorly defined, but the spectra well behaved, so we accept the plateau age of the sample as the best age. Biotites 90WG49B and 90WG26 have K 2 O contents less than 5 wt % and ages older than hornblende from the same sample. These low K 2 O contents likely reflect alteration, such that the hornblende ages most likely better reflecting the cooling age of these samples.
U-Th/He Ages
[15] U-Th/He ages were measured for zircon from ten samples and for apatite from three (Table 4) . Two or three single-grain aliquots were measured from each and a weighted mean age (uncertainty at 95% C.I.) was calculated for each sample. The zircon He ages range from 130 Ma to 59 Ma, with the oldest ∼20 Myr younger than nearby zircon crystallization ages. The apatite ages are considerably younger, with the two well-behaved samples giving ages of ∼9 Ma. Two aliquots from a third sample yielded apatite He ages of 26 and 38 Ma; these latter ages are correlated with equivalent uranium (U+0.235Th), consistent with an explanation involving radiation damage effects [Flowers et al., 2009] on diffusivity in a slowly cooled or reheated sample. ; zircons from the volumetrically dominant mafic suite remain undated. This range is similar to the age of the volcanic Talkeetna Formation which is as old as 207 Ma (on the Alaska Peninsula [Amato et al., 2007] ) and is unconformably overlain by the early Bajocian (172-168 Ma [Gradstein et al., 2004] ) Tuxedni Formation [Imlay, 1984] .
[17] Although the two samples dated by the Lu-Hf and Sm-Nd methods come from different depths within the Talkeetna arc, and garnet is metamorphic in one sample and igneous in the other, they both give Lu-Hf ages of ∼185 Ma and Sm-Nd ages of ∼182 Ma. The igneous garnet from the Klanelneechena klippe (1712P08), inferred to have formed at ∼800°C and 0.7 GPa [Hacker et al., 2008] , is ∼15 Myr younger than nearby zircon U-Pb ages, suggesting a prolonged residence time at temperatures >700°C; hornblende from a sample <250 m away is equivalent in age. The metamorphic garnet from base of the arc in the Bernard Mountain area, formed at ∼930°C and 1.0 GPa [Hacker et al., 2008] , is only a few million years older than hornblende from an outcrop 1.6 km away (0731L02). Ar analyses for the Talkeetna arc; hornblende unless otherwise noted. Apparent age spectra and K/ Ca ratios on left; inverse isochron diagrams on right. Age and K/Ca spectra show 1s uncertainties excluding error in irradiation parameter J. WMPA, weighted mean plateau age; filled steps included in age calculation. IA, isochron age; gray isotopic ratios excluded from age calculation. Age uncertainties are 2s and include uncertainty in monitor age and decay constant. [18] A group of 40 Ar/ 39 Ar and K-Ar hornblende ages in the Chugach Mountains that are spatially associated with the zircon-bearing plutonic rocks range from ∼194 Ma to ∼160 Ma; except for 3 outliers, the bulk of these ages are older than ∼170 Ma. These ages have no relation to paleodepth in the arc. There are four K-Ar biotite ages of ∼170 Ma [Winkler, 1992] , indicating that either the younger hornblende ages were partially reset or that the biotites have excess 40 Ar. All of these data are likely affected, to an unknown extent, by the 140-135 Ma (?) western Chugach magmatism (see references above and discussion below). These data suggest that, at the regional scale, the Talkeetna arc in the Chugach Mountains had reached temperatures <300°C-500°C by ∼160 Ma, cooling at an average rate of >10 K/Myr; two old zircon fission track ages are compatible with this inference. This cooling may have been associated with the tectonism recorded by the Naknek Formation in the Talkeetna Mountains [Trop et al., 2005] (see below). Ar mica, and U-Th/He zircon ages from individual samples (Figure 6 ) reveal cooling histories in higher fidelity. In particular, two of the Chugach Mountains samples (2710M01 and 2717M04) cooled at a moderate rate (5-9 K/Myr) from crystallization to <500°C, and one (0720G02) cooled at a rapid rate (75 K/Myr) to <500°C. Similar age differences between U-Pb zircon and 40 Ar/ 39 Ar hornblende ages of samples separated by <1 km (yellow callouts of Figure 5 ) suggest that these inferences apply to much of the Chugach Mountains. U-Th/He ages of 39 Ma to 9 Ma from individual samples show that cooling to <200°C varied considerably from 3 to 12 K/Myr.
[20] Our new 40 Ar/ 39 Ar data shed no additional light on the 140-135 Ma (?) resurgence of magmatism in the westernmost Chugach that was recognized by Pavlis [1983] and Barnett et al. [1994] on the basis of 136-130 Ma hornblende ages. The clear 10-20 Myr interregnum between the hornblende ages from the Talkeetna arc and this westernmost Chugach implies that the two are unrelated, distinct magmatic events. The U-Th/He age from this area is similar to two others farther east in the Chugach Mountains, implying regional cooling to He loss in zircon by ∼110 Ma. Widespread zircon U-Th/He ages of 137-99 Ma show that the Oligocene felsic magmatism [e.g., Little and Naeser, 1989] had minor impact on the regional thermal gradient, and U-Th/He apatite ages of 32-9 Ma document slow cooling (∼1 K/Myr) in the Chugach Mountains at the regional scale.
Talkeetna Mountains
[21] The U-Pb zircon ages in the Talkeetna Mountains are generally younger than those in the Chugach Mountains (Figures 1 and 5) . In detail, U-Pb zircon ages from plutonic rocks in the eastern and central Talkeetna Mountains range from ∼178-153 Ma and are interpreted to reflect a northward shift in arc magmatism at ∼180 Ma . The plutonic rocks in the western Talkeetna Mountains are ∼190 Ma, contain inherited Carboniferous-Triassic zircon and have lower whole-rock initial 143 Nd/ 144 Nd ratios than the rest of the arc, likely reflecting magmatism within the adjacent Wrangellia terrane or interaction between the Talkeetna arc and the Wrangellia terrane .
[22] A group of 40 Ar/ 39 Ar and K-Ar hornblende ages in the Talkeetna Mountains that are spatially associated with the zircon-bearing plutonic rocks range from ∼175 Ma to ∼150 Ma, generally ∼10-15 Myr younger than in the Chugach Mountains. Deformation and partial exhumation of the Talkeetna Mountains plutonic suite at this time is recorded by the Naknek Formation that unconformably overlies the Talkeetna Formation [Trop et al., 2005] . There are four K-Ar and 40 Ar/ 39 Ar biotite ages that are older than most of the hornblendes; either the younger hornblende ages were partially reset, the biotites have excess 40 [Plafker et al., 1989] .
[23] U-Pb zircon,
40
Ar/ 39 Ar hornblende, 40 Ar/ 39 Ar mica, and U-Th/He zircon ages from individual samples (Figure 6 ) reveal cooling histories in higher fidelity. In particular, three of the Talkeetna Mountains samples (1723M01, 1723M09, and 1723M12) cooled rapidly (>20 K/Myr) from crystallization to <500°C, and two (1723M08 and 2712M06) cooled at a moderate rate (5-9 K/Myr) to <500°C. Subsequent cooling to <400°C was rapid for all samples, and to 200°C for three of four samples. Similar age differences between U-Pb zircon and 40 Ar/ 39 Ar hornblende ages of samples separated by <1.2 km (yellow callouts of Figure 5 ) suggest that these inferences apply to much of the Talkeetna Mountains.
Alaska Peninsula
[24] U-Pb zircon ages show that the Talkeetna arc in the Alaska Peninsula crystallized over the interval from 183 Ma to 164 Ma [Rioux et al., 2010] , similar to the 177-159 Ma magmatism in the Talkeetna Mountains; two ages from the Kodiak archipelago are significantly older, at 213 Ma and 217 Ma [Rioux et al., 2010] . Hornblende 40 Ar/ 39 Ar ages are on average 5-10 Myr younger than the U-Pb zircon ages, ranging from 171.7 ± 3.4 Ma to 157.8 ± 2.4 Ma, again similar to the Talkeetna Mountains. There are two biotite ages of 179.5 ± 5.0 Ma and 165.5 ± 0.8 Ma, and a muscovite age of 113.3 ± 0.6 Ma. U-Pb zircon, 40 Ar/ 39 Ar hornblende and mica ages from individual samples (Figure 6 ) indicate uniformly rapid cooling rates of ∼100-20 K/Myr (except for sample 2731M01).
Thermal History of the Talkeetna Arc
[25] In a gross sense, the magmatism in the Chugach Mountains spanned ∼20 Myr and cooling to <300°C was complete within another 20 Myr; the Talkeetna Mountains were magmatically active for longer, 30 Myr, although the older (∼190 Ma) magmatism in this area may not be directly related to the Talkeetna arc, and cooled to <300°C in ∼20 Myr. The Alaska Peninsula section of the Talkeetna arc was active for 20 Myr and cooled to <300°C within 6 Myr.
[26] In detail, however, the crystallization and cooling histories of different portions of the arc show considerable variability, even for something as simple as the time interval between igneous crystallization (i.e., the zircon U-Pb age) and cooling below ∼550°C (i.e., the hornblende age) (Figures 5 and 7) . In the Chugach Mountains, individual samples (n = 3) and samples from nearby outcrops (n = 3) record zircon-hornblende age differences of 2 Myr to 36 Myr. In the Talkeetna Mountains, zircon-hornblende pairs differ by 0 Myr to 33 Myr (five individual samples and three sets of nearby samples); these are maxima, as partial resetting of hornblende by later magmatism is likely. Four zirconhornblende pairs for the Alaska Peninsula section differ by 4-11 Myr (Figure 2) . Thus, whereas some parts of the arc cooled below hornblende closure temperatures during active magmatism, other portions of the arc, particularly in the Chugach and Talkeetna mountains, remained hot (>500°C) well after the termination of magmatism. The longest zirconhornblende cooling intervals come from the oldest parts of the arc, and the youngest parts of the arc have relatively short cooling intervals. The cooling rates show no dependence on depth, based on the pressures reported by Hacker et al. [2008] .
[27] It is important to note that this thermal history is strongly biased by the depth-dependent compositional variation of the arc, which dictates the type of chronometers that can be used at each depth. Specifically, based on the reconstruction by Hacker et al. [2008] , the zircon U-Pb and U-Th/He ages come principally from rocks that are interpreted to have crystallized at pressures of 0.4-0.7 GPa, the garnet ages come from rocks (re)crystallized at 0.7 and 1.0 GPa, the hornblende and mica ages are chiefly from rocks (re)crystallized at 0.4-0.7 GPa. In effect then, we have good cooling rate data for depths of ∼13-24 km, but deeper and shallower depths are not well constrained. Moreover, because the arc grew to ∼35 km thickness within what we presume was 7 km thick oceanic crust, the rocks now at 13-24 km depth might have crystallized near the bottom of the arc and been underplated by subsequent intrusions, might have crystallized at subvolcanic depths and been pushed downward, or might even have gone up and down in the crust if the arc underwent (episodic?) extensional or contraction events.
Thermal Model of the Talkeetna Arc
[28] Is the spatially variable cooling pattern documented for the midcrustal levels of the Talkeetna arc typical of an intraoceanic arc, or should an intraoceanic arc have a simple monotonic, spatially homogeneous cooling history? Is it possible, for example, that the chaotic cooling pattern of the Talkeetna arc is an artifact of Ar loss during younger events? With the limitations and ambiguities listed in the previous paragraph in mind, we can assess this question.
Model Setup
[29] We used a simple, 1D thermal model to examine whether the spatially variable thermochronogical signature of the Talkeetna arc is "normal" for an arc. Models judged to be successful were those that match the thermochronologic record, reproduce the PT conditions reported by Hacker et al. [2008] , and have heat flow typical of an intraoceanic arc: 50-70 mW/m 2 [Wada and Wang, 2009] . The code was built around that of Hinojosa and Mickus [2002] .
[30] For simplicity, the model uses fixed values of density = 3000 kg/m 3 , thermal conductivity = 2.3 W/mK [Kelemen et al., 2003a] , and heat capacity = 1.3 J/gK [Leth-Miller et al., 2003] , with a resulting thermal diffusivity of 0.6E-6 m 2 /s. Radiogenic heat production rate is set to 0.4 uW/m 3 in the felsic portion of the crust following bulk compositions reported for the Talkeetna arc [Kelemen et al., 2003a] .
[31] The initial thermal state, chosen to represent instantaneous formation of an arc within existing oceanic lithosphere, was 10 Myr old oceanic lithosphere [Stein and Stein, 1992] down to a depth of 17 km (i.e., normal crustal thickness +10 km of mantle lithosphere), underlain by asthenosphere at 1350°C. (Within a reasonable range of temperatures, the asthenosphere temperature made little difference to the model results.)
[32] Each model run began with 7 km of oceanic crust. Over the first 20 Myr of the model, 5 km of volcanic rocks were erupted onto the top of the crust at a constant rate, and (Figure 8, right) show relatively simple thermal histories in which plutonic rocks are hottest when intruded and cool ever after and mostly large zircon-hornblende age differences in the 0.4-0.6 GPa depth interval (black arrows). Models in which plutons are intruded at the top of the section (Figure 8, left) show complicated thermal behavior, with intrusion-driven oscillations, inversions, and heating of previously crystallized intrusions, and a broad range of zircon, hornblende age differences (black arrows); this is similar to the Talkeetna arc. Captions for each of the eight panels indicate whether each pluton is intruded at the top or bottom of the section, the initial thickness of the plutonic section, and the thickness of the mantle lithosphere.
22 km of plutonic rocks were intruded into the crust. This produced a model arc similar to the Talkeetna arc with its 5 km of volcanic rocks, 8 km of felsic plutons, 13 km of mafic plutons, and 8 km of basal garnet gabbronorite [Hacker et al., 2008] . The volcanic rocks were assigned a temperature of 0°C to reflect eruption in the atmosphere or ocean. The plutonic rocks were intruded into the crustal section via two end-member modes, either (1) at a constant depth of 5, 7 or 10 km (such that the "oldest" plutons ended up at the bottom of the pile) or (2) beginning at a depth of 5, 7 or 10 km and moving downward (such that the oldest plutons ended up at the top of the pile). The plutons are each 1 km thick and were intruded at temperatures of 1250°C (gabbro) to 950°C (intermediate compositions); crystallization of each pluton generated latent heat of 400 kJ/kg. Intrusion of the plutons at a constant rate is a reasonable representation of the existing zircon U-Pb age data set, which is compatible with relative uniform magmatic flux over a 20 Myr period. The thickness of the mantle lithosphere was maintained at 10 or 15 km for the first 20 Myr. After 20 Myr, the entire section was allowed to cool.
Model Results
[33] The thermal evolution of 1 km depth intervals for eight different runs are shown in Figure 8 . Models in which intrusions are always emplaced at the bottom of the plutonic section (Figure 8, right) show relatively simple thermal histories in which the temperature always increases downward within the growing arc. Each pluton that is intruded undergoes near-monotonic cooling, aside from initial minor thermal oscillations produced by nearby intrusions. Peak temperatures increase slowly at shallow depths, but are hotter at deeper levels ( Figure 9 ). All four of these models show chiefly large differences between the time that the pluton intruded (i.e., the predicted U-Pb zircon age) and the time that the pluton cooled through ∼550°C (i.e., the predicted hornblende age) (black arrow in Figure 8 ). These model results are generally unlike the cooling history of the Talkeetna arc.
[34] Models in which intrusions are always emplaced at the top of the plutonic section (Figure 8, left) show more complicated thermal histories. Each pluton that is intruded is initially quenched, but then undergoes heating produced by nearby intrusions; shallow levels of the plutonic section cool only once plutonism stops at 20 Myr. Peak temperatures increase rapidly at shallow depths, but are cooler at deeper levels ( Figure 9 ). All four of these models show small (<1 Myr) to large differences in (20 Myr) in the time that the pluton intruded (i.e., the predicted U-Pb zircon age) and the time that the pluton cooled through ∼550°C (i.e., the predicted hornblende age) (black arrow). These model results are more like the Talkeetna arc.
[35] These models illuminate simple facts: Intrusions that remain near the base of an arc can experience high temperatures as long as the arc is active, leading to large differences in zircon crystallization and hornblende cooling ages. Intrusions emplaced at shallow levels in an arc can cool rapidly, leading to undetectable differences in zircon crystallization and hornblende cooling ages. At intermediate levels, a range of zircon-hornblende age differences are expected. Thus, the spatially variable cooling histories documented for the Talkeetna arc are entirely reasonable and may be characteristic of arcs worldwide. Note that any episodicity in magmatism, spatial variation in magmatic flux, or deformation of the arc will serve to introduce even more variability.
Conclusions
[36] New Lu-Hf and Sm-Nd garnet ages, 40 Ar/ 39 Ar hornblende, mica and whole-rock ages, and U-Th/He zircon and apatite ages show that the Talkeetna arc of Alaska had a spatially variable cooling history. The main period of arc magmatism was dated by the U-Pb zircon method [Rioux et al., , 2010 
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Ar/ 39 Ar muscovite and biotite ages associated with the arc range from ∼180 Ma to 130 Ma, although a group of older muscovite ages in the northeastern Talkeetna Mountains span a narrower range of 150-143 Ma. There is a Figure 9 . Maximum P-T conditions in each model at 1 km depth intervals (colored lines), typical cooling conditions of the models (black lines), and peak recorded PT conditions from the Talkeetna arc [Hacker et al., 2008] . One of the models produced temperatures high enough to satisfy the PT conditions at the top of the Talkeetna section, and all produced temperatures higher than the peak recorded PT conditions. similar range in U-Th/He zircon ages, but the oldest are ∼137 to 129 Ma.
[37] Local Cretaceous and Oligocene magmatism means that some of these cooling ages, particularly those with lower closure temperatures, were probably partially reset. Even so, the differences in zircon, garnet and hornblende ages, in particular, imply that the thermal history of the Talkeetna arc was spatially variable. The range in U-Pb zircon ages implies a protracted crystallization history for the arc, so perhaps it is not surprising that the thermal histories of different parts of the arc were different. Thermal models demonstrate that spatial variation in cooling rates is expected in the intermediate crustal levels of an intraoceanic arc, such that there is no need to call upon episodic magmatism, deformation or subsequent thermal events to explain the observed cooling history of the Talkeetna arc.
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